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ByJohnR.JackandIV.S. Diaconis
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SUMM4RY

Localratesofheattransferwereobtainedfroma conecylinderand
aparabolic-nosedcylinderata Mch numberof3.12.Datawereobtained
forReynoldsnuuibersupto12KL06basedonbodylengthforheatedand
cooledsurfaces.

Thelaminar-heat-transfercoefficientsobtainedfromtheconica3
portionoftheconecylinderagreecloselywiththeoryatalltempera-
turelevelswhencorrectedfortheaxialtemperaturedistribution.Ex-
pertienta13.yandanalytically,thereseemstobenosignificanteffect
oftemperaturelevelontheheat-transfercoefficient.Thelaminardata
obtainedfrcmtheparabolic-cylindermodelagreecloselywiththeory
whentheaxialpressuredistributionisconsideredandthedataarecor-
rectedfortheaxialtempe?xrburedistribution.

INTRODUCTION

TheaerodynamicheatingproblmisbeinginvestigatedattheNACA
Lewislaboratoryinordertosupplythedesignerofhigh-speedaircraft
andmissileswithquantitativeheat-transferandboundary-layer-
transitiondata.Thesetwophasesoftheaerodynamicheatingproblem,
thevalueofheat-transfercoefficientsandthelocationoftheboundary-
layertransition,are,ofcourse,interrelated.Theorderofnia@tude
oftheheat-transferratedependsonwhethertheboundarylayerislami-
narorturbulent;whereas,thelocationoftransitionisinfluencedby
theamountofheattransferred.

Studiesofthelsminarandturbulentheat-transferratesonbodies
ofrevolutionarepresentedinreferences1 to3. Inreference1,which
isa summarypaperoffiveinvestigations,laminar-heat-transfercoeffi-
cientsarereportedfora heatedconeanda parabolic-arcbody,andfor
a cooledconeatMachnunibersbetween1.5and2.2.Theexperimental

\ dataagreecloselywiththetheoriesofCrocco(ref.4)andChapmanand
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Rubesti(ref.5).
cylinderatlocal
exper~taldata
Crocco.Thedata

NACATN3776

Eber(ref.2)obtainedheat-transferratesfora cone
Machnunibersrangingfraz0.88to4.65.Again,the
areWW representedbytheisothermaltheoryof
presentedinreferences1 and2wereobtainedattem-

peraturesnearthe-equilibriumtemperature.Heat-transfermeasurements
madebyDeCoursin,Bradfield,and8heppard(ref.3)onvariousconesand
parabolic-arcconfigurationsatratiosofwall-to-local-free-streamtem-
peraturerangingfrcxz2.0to4.8aretheonlycurrentwind-tunnelmeas-
urementsavailablefora rangeofsurface-temperaturelwels. Thel.smi-
nardataobtainedonallmodelsagreecloselywiththetheorydfChapman
andRubesin(ref.5). However,theturbulentdataobtainedfromthe
conesdidnotagreecloselywiththetheoryofVanDriest(ref.6).

Preciously,theeffectsofsurfacetemperatureontransiticmhave
beenevaluatedpnlyatrelativelyluwMachnumbers.Reference7 reports
theeffectsofsurfacetemperatureandpressuregradientontransition
undertheconditionoflargeheattransfer.Themodelsconsideredwere
a 9.50-apex-angleconecylinderandaparabolic-nosedcylinder,each
witha noseftienessratioof6.

EIthisinvestigation,heat-transfercoefficientsforthesametwo
modelsat zero angle ofattackarereportedforwall-to-free-stream
static-temperatureratiosrangingfrom1.0to4.4.

APPARATUSAND*mum .

TheinvestigationwasconductedintheLewis1-byl-footsuper-
sonicwindtunnel,whichoperatesata Machnumberof3.12.Testswere
madeatvariousRejnoldsnunibersrangingfrcau2W06to12X106basedon
modellength.Thetunnelstagnationdewpointwasabuut-350F atall
times.Furtherdetailsconcerningthisfacilitymaybefoundin
reference7.

Thedimensionsandthermocouplelocationsofthemodelsusedto
obtaintheheat-transferdataareshowninfigure1. Bothmodelswere
constructedfroma nickelalloywithawallthicknessof-approximately
1/16inch.Theconecylinderwasmadeofmonel,whereastheparabolic-
nosedcylinderwasfabricatedfrom“K”monel.Themaximumsurfacerough-
nessoneachwaslessthan16microinches.Eachmodelwasinstrumented
withcalibratedcopper-constantanthezzuocouplesof30-gagewire.A typ-
icaltunnelinstallationisshowninfigure2. Thetheoreticalwall-
pressuredistributionsforthetwomodelsarepresentedinfigure3.
Thesedistributionswerecalculatedusingthesecond-ordertheorypre-
sentedinreference8. s’

Heat-transferdatawereobtainedbyutilizingthetransienttech-
niquedescribedindetaili.nreference7. Transienttemperature ..

— ——— .—c. .. ._ —. —
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distributionswereobtainedfromdatarecordedonmultiple-channelos-
cil.lographs. Dataobtainedpriorto30secondswerenotreduced.A
typicaltemperaturehistoryforthecooledconeispresentedinfigure
4. Thisdistributionis,incidentally,similartothatobtainedona
heat-capaci~cooledvehicle.

.

DATAREDUCTION

Thegeneralequationdescribingthetransientheat-transferprocess
fora conehavinga thinwallis,with
perunitarea, “

%otal.= ‘convection+ qconductfon+
inskin

or,moreex@icitly,

%
‘bcp,b=~ [ 1=h(Tad- ~) +

thelocalheat-transferrate

‘radiation+ qcollductionto
insideofmodel

[,b=($+,~)]+
qradiation+qconductionto

insideofmodel

(AllsymbolsaredefinedinappendixA.)
I

q

(1)

!lhemagnitudesoftheradiationandconductiontermsinequation
(1)wereinvestig&edinappendixB usingexperimentaldata.Inall
cases,theradiationandconductiontermswerelessthag2percentof
thetotalheattransferredandwerethereforedisregarded.Whenthese
termsareeliminatedfrczuequation(l),theexpressionforthelocal
heat-transfercoefficienth becomes

%
h . %Cp,bz~

‘ad- ‘%
(2)

Whentheexperimental
valuesoffree-stream

TheWue ratesof
curvesbyusingeither

valuesof h weredetermined,thecorresponding
Stantonnumberwerecoqmtedfrom

Sizo= h
‘Ocp,auO

changeoftemperaturewerefoundfromfaired
a five-pointnumericaldifferentiationoran

---- -- —-—-—-—------- .- —.-— —. ———- —— ——.. -. ._ . . _.



4 NACATN3776

opticaldifferentiator.Theopticaldifferentiatorwassimilartothat
describedLnreference9plustheaddedprcncisionforattachingittoa
draftingmatie thuspermittinga directreadingofthetangentan~e.
Slopesobtainedbybothmethodswerefoundtohavea~ deviation
of& percentfromtheslopeofananalyticalcurve.Formostofthe
data~resentedhereti,theopticaldifferentiatorwasused.

TheadiabaticwalltemperatureTad neededtoevaluatetheheat-
transfercoefficientisusuallyobtainedwiththemodelatthezeroheat-
transfercondition.However,becauseoftheeffectofheattransfer,
thelocationoftransitionvariedconsiderablyfromthatobtainedat
adiabaticwallconditions(seeref.7). Forthisreason,therecovery
temperaturewastakenas

‘ad=Tl+ q(T’- Tl)

wherethetemperaturerecweryfactorq = -& forI.aminarflowand
~ = 3- forturbulentflow,withtheI?randtlnumberPr evaluated
atadiabaticwalltemperature.Inthecasesthatcouldbechecked,the

. experimentalrecoverytemperaturesagreedcloselywiththosecalculated
usingthetheoreticalrecweryfactor. .

A knowledgeofthevariationofspecificheatwithtemperatureof
themodelmaterialisrequiredtoapplyequation(2)overa largetem-
peraturerange.Thespecificheatofmonelhasbeenestablishedcrver
thetemperaturerangeofthisinvestigation(refs.10andn); however,
thespecificheatof“K”monelisunknown.Sincethecompositionof
“K”mcmelandmonelareverynearlythesame(table1],itwasantici-
patedthattherespectivespecificheatswouldbeapproximatelyequal.
Toverifythisassumption,thetheoreticalspecificheatsformoneland
“K”monelwereevaluatedusinghpp’srule(ref.12)andcamparedwith
theexpertientalvaluesformonel.Figure5 showstheresultofthis
comparison.Thetheoreticalspecificheatsobtainedforbothalloys
agreecloselywiththeexpetientalvaluesformonelbetween1500and
5~0 R. Asa result,theexperimentalspecificheatsformonelwere
usedtoreducethedata.Thedisagreementthatexistsbetweentheory
andexperimentatthehightemperaturesisduetotheinadequacyofthe
theoryinthistemperaturerange.

Theaccuracyofthe~ertmentaldatawasdeterminedfromtheesti-
mateduncertaintiesofthetitividualmeasurementsenteringintothede-
terminationofthefinalresults.(AppendixB e@ains theradiationand

0aau

f ,,
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.,, conductionerrors.) Theestimateduncertaintiesofthebasicmeasure-
mentsaregiveninthefollowingtable:

. Wallthickuess,’c,percent. . . . . . . . . . . . . . . . . . . ..AJ.
Slope,~/dt, percent. . . . . . . . . . . . . . . . . . . . . ..A3
Specificheatofmodelwall.material,~,b}perce.Ut. . . . . . . .+3
Modelwalltemperature,Tw,%
High-temperaturerange.. . . . . . . . . . . . . . . . . . . . .Q

co Low-temperaturerange. . . . . . . . . . . . . . . . . . . . . .=
, % Totalpressure,P$,percent. . . . . . . . . . . . . . . . ...-.3m, Totaltemperature,Tl,% . . . . . . . . . . . . . . . . . . . . .*

SincethemodelwalJ.thicknessentersdirectlyintotheheat-transfer
calculation(seeeq.(2)),themodelswerecutapartandthewallthick-
nessatthethermocouplelocationsmeasuredaccurately.Thisaccounts
fortheverymalluncertaintyinthewallthiclmess.Therelativeer-
rorofanyparameterwasdeterminedfromtheuncertaintiesofitscom-
ponents.A maxhumrelativeerrorofdil.6percentwasfoundforthe
Stantonnumber.Inmostinstances,however,thedataaresoconsistent
andvarysosmoothlythattherelativeerrorisbelievedtobelessthan
thisvalue.

Atverylowmodeltemperatures(1200to250°R),twocondensation
filmsappearedonthemodelsurfaceandsubsequentlyevaporatedasthe
modeltempentureincreased.An observerwatchingthisphenomenonwould

. firstseeonefilmformandevaporate,andthenthesameprocessre-
peatedforthesecondfilm.Thus,themeasuredtemperaturesweresub-
jecttoerrorsincethemodelwasnotreceivingalltheheatbeingtrans-
ferred.Inanattempttoascertaintheorderofmagnitudeofthecon-
densationerror,severalcalculationsweremadeandarepresentedin
appendixC. Thecalculationsindicatethatthecondensationphenomenon
didnothaveanappreciableeffectonthedeterminationofheat-transfer
coefficients.

,

T~OR.l!3!ICALCONSIDERATIONS

Inthissection,a briefsummaryofthepresentlyavailablelaminar
andturbulenttheorieswhichthedesignerhasathisdisposalis
provided.

LaminarHeatTransfer
“

Eckert(ref.13)indicatesthatconstantPrandtlnumbersolutions
(e.g.,ChapmanandRubesin,ref.5)agreewellwiththesolutionsallow-

. ingvariationofthePrandtlrumiberthroughtheboundarylayer(refs.4
and14to16)whenthefluidpropertiesareevaluatedata reference

,

.—.. — — .—-.—.. ——.. ..—..— -
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temperature.Asa result,theisothermaltheoryofChapmanandRubesin,
basedonEckert’sreferencetemperatureandconvertedbyManglerIstrans-
formation(ref.17),hasbeenchosenasa basisforcomparisonwiththe
expertientaldataforthecone-cylindermodel.Withtheexceptionof
theChapmanandRubesintheory,alltheaforementionedtheoriesarelim-
itedtotheflowoverisothemialsurfaces.However,allofthemmaybe
usediftheeffectsofantial teqeraturedistributionareaccounted
forbythesolutionofeitherChapmanandRubestnorLighthill(ref.18).

Theimportanceofa variablesurfacetemperatureisildmstrated
by consideringa wall-temperaturedistributionthatvarieslinearlywith
distancefrcmtheleadingedgeandassumingthattheleadingedgeisat
theadiabaticwalltemperature.Theoretically,theheat-transfercoef-
ficientisabout6!5percentlargerthanthatobtainedfora constant
wallt~eratureunderthesamecon$litions.Ifthewalltemperature
variesasthesquareofthedistancefrcmtheleadingedge,thediffer-
enceis100percent.Itisinterestingtonotethatthechangesinheat-
transfercoefficientduetosucha temperaturegradientdepend—-~on
th=f~e gradient,andnoton-itsmagnitude.Theeffectonheat-
transferrate,ontheotherhand,d~endsstronglyonthemagnitudeof
thetemperaturegradient.Thus,thetemperaturevariationalongthe
surfaceofa vehiclemustbe consideredfof”anaccurate”interpretation
ofheat-transferdam obtattiedfl%ha iIOnisc$thermalsurfacewhenthe
boundarylayerls.lemin&. ,
——. _..— .—
Themostconvenientmethodofaccountingfora temperaturedistri-

butionina three-dimensionallaminarflowistotransformittothe
equivalenttwo-dimensionaldistributionbyMangler’stransformation(ref.
17)andapplyLighthilltstheory,whichstates

Jx

h T(0)- Tad .X@—= g%
+ T(x)- Tad (3)

~ ‘(x)- ‘ad 3/4
(x

3/41/3
o

-~ )

whereT(0)istheleading-edgetemperature,~ isa dummyvariablerep-
resentingdistancemeasuredinthe&direction,and ~ istheisother-
malheat-transfercoefficient.Forany-sharp-nosedbodyofrevolution,
theleadingedgewillrapidlyapproachtheadiabaticwalltemperature
becausetherateofheattran_& theleadingedgeisverylarge.
Thus,thefirsttermonthealightsideofequation(3)beccmeszerowhen
x isnotzero.A sampleaxialtemperaturedi@5hutionontheconeIs
presentedin.figure6. Alsoincludedinfigure6 istheequivalentflat-
.platetemperaturedistributionusedinapplyingtheLighthillmodifica-
tion.Thefigureillustrateshuwtheexperimentaldatawerefairedto
theadiabaticwalltemperatureforcomputationoftemperaturegradient
effects. .

/
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<
ChapmanandRubesin(ref.5),intheirsolutionoftheboundary-

layerequations,considereda surfacetemperaturedistributionthatis
-.. expressibleasa polynomialinthedistancefromtheleadingedge.Huw-

ever,theLighthillmethodisconsiderablyshplertoapplythanthatof
ChapmanandRubesinbecausethesurfacetemperaturedistributionneed
notbeexpressedasa polynomial,butmaybeapproximatedbylinearseg-
ments.Thus,foreachse~ent,thederivativeoftemperatureinthein-
tegrandofequation(3)isa constantandtheintegralmaybeevaluated.
AlthoughLighthill’stheoryisforincompressibleflow,a comparisonof
thetwotheoriesfora temperaturedistributionoftheQpe
T&- Tad= a# showsagreementwithin3 percentforvaluesof n upto
10. ThepracticalapplicationofLighthill’stheoryisdiscussedinde-
tailinreference19.

TheanalysisofCohenandReshotko(ref.20}wasusedforcompari-
sonwiththeexperimentaldataobtainedonboththecylindricalsection
ofthecone-cylinderandtheparabolic-nosed-cylindermodels.Although
thietheoryisderivedfora constantwalltemperature,itdoespermit
arbitrarilylargepressuregradientsandheattransfer.However,aswas
discussedpreviously,theheattransfertoabdy issensitivetosur-
facetemperaturegradientssothatthetheoryofreference20isnotex-
pectedtocorrelatecloselywiththeuncorrectedexperimental.data.It
mightbeanticipated,however,thattheeffectofthetemperaturegradi-
entcouldbeapproximatelyaccountedforbytransformingthetemperature
distributionto
ingLighthill’s

theequivalenttwo-dimensionaldistributionandthenus-
theory.

TurbulentHeatTransfer

Manyassumptionsareincorporatedintheexistingtheoreticalanal-
ysesoftheturbulentboundarylayer.Furthermore,mixedlaminarand
turbulentflowshavenotbeenconsidered,necessitatinganarbitrary
choiceoftheoriginoftheturbulentbuundarylayer.Also,noneofthe
currentcompressibletheoriesaccountfora temperaturedistribution
downstreamofthetransitionregion.Inviewoftheforegoing,theex-
perimentalturbulent-heat-transfercoefficientsarenotexpectedtoagree
wellwithexistingturbulent-boundary-layertheory.

TransientEffects

Althoughtheprecedingdiscussionisstrictlyapplicabletosteady-
stateflow,itispossibletocomparetheexpertientaldatawiththethe-
oriesdiscussedifcertainreservationsaremade.Therestrictionim-
posedisthatthethe rateofchangeoftemperatureappearinginthe
energyequationmustbesma~comparedwiththetermsretained;thenthe

. . . _. ._ .. . . ___ - .—— -... ——— __ - -.__. _____ —. -—.- - .—-. . -— —- — .



8 NACATN3776

bounda~-layerflawatanytimeiswelldescribedbythesteady-state ,’
solutions.An orderofmagnitudeanalysisofthecontributionofthe
timerateofchangeoftemperatureindicatesthat,forthedatapre-
sentedherein,itisquitesmall. :/

RESUM!SMDDISCUSSION

~erimentalllydeterminedStantonnunibersforthecone-cylinder
modelataveragewall-to-free-streamtemperatureratiosof1.0and4.0
arepresentedinfigures7(a)and(b).Thoseobtainedfortheparabolic-
nosedcylinderatanaveragewall-to-free-stresmtemperatureratioof
l.Oareshowninfigure7(c).Alsoincludedinfigure7 forcomparison
purposesarethelaminarisothermaltheoryofChapmanandRubesin(ref. .
5)basedonklsert’s(ref.13)referencetemperature,andtheturbulent
isothermaltheoryofVanDriest(ref.6). Theexperimentaldatapre-
sentedinfigure7havenotbeencorrectedfortheaxialtemperature
distribution.Theaxialtemperaturedistributionsassociatedwith
thesedataarepresentedintableII.

Effectofll!otalTemperature

ExperimentalStantonnuniberswereobtainedfortheconicalsection
ofthecone-cylindermodelattotaltemperatures523°and630°R. These
datacorrectedforthetialtemperaturedistributionarepresentedin
figure8 and,ascanbenoted,theeffectofchangingthetotaltempeqa-
turebythisemountisnegligible.Theoretically,noeffectwouldbe
expectedforanaveragewal&to-free-streamtemperatureratioof1.0.
Iftheaveragetemperatureratioissomethingotherthan1.0,a smallef-
feetwouldbeanticipated(approx.1.5percentfor ~/!COs 2).

EffectofAxLal

Representative
wall-to-free-stream

TemperatureDistributionandTemperatureLevel

lamhardataforthecone-cylindermodelataverage
temperatureratiosran@ngfram1.0to4.4areshown

infigure9 correctedforthezSaltempem%uredistributionaccording
toequation(3).ThefirstthreeorfourdatapointsateachReynolds
rnmiberperfoot(seefig.7)aremuveddcmmmardbythetemperaturegra-
dientcorrection.Itshouldbenotedherethatwhatappearedtobean
effectofReynoldsnuniberperfootintheuncorrecteddataoffigure?(a)
wasactua13.ytheresultofantialtemperaturedistribution.Thiscom-
parisonemphasizestheimportanceofaccountingfortheaxialtempera-
turedistributionincalculatinglaminar-heat-transfercoefficients.As
illustratedinfigure9,thecorrectedconedataagreecloselywiththe ,‘
theoryataKltemperaturelevels.However,ifthefluidpropertieshad
notbeenevaluatedatthereferencetemperatureofreference16,theex- .
perimentaldatafora temperatureratioof4.0wouldhavebeen

.—— —
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.. approximately20 percenthigherthantheory. Thus,whenthe reference
tempemtureconceptis used, it appearsthat bothanalyticallyandex-

9

perimentallythereisverylittleeffectofsurface
& Stantonnumber.

Alsoincludedinfigure10isa typicalsetof
4.5x106)obtainedonthecylindricalsectionofthe
tendfroma Reynoldsnumberof3.9x106to5.8x106.

temperaturelevel on

data(Re/ft=
model.Thedataex-
Notethattheheat-

..,

. .

transfercoefficientsonthecylfnderarelowerthantheconevaluesand
approachtheflat-platevalues.Thistrendistobeexpectedandispre-
dictedcloselybythetheoryofreference20,whichisincludedinfig-
ure9. Thediscontinuityexistingintheheat-transferrateisthere-
sultofthediscontinuityinthepressuredistribution.

Anempiricalmethodofpredict~theisothemalcylindricalheat-
transfercoefficientsmaybederivedbycalculatingtheheat-transfer
coefficientdustdownstreamofthecone-cylindershoulderusingthethe-
oryofreference20andbyfindinganequivalenttwo-dimensimklheat-
transfercoefficient.Thefree-streamcylindricalheat-transfercoef-
ficientfollowingtheshoulderisgivenby

(:CY) -[~fi=
c s ~c

(4)

Equation(4)reducesto

whenthecylindricalpressuregradientisneglectedandtheratioof
specific.heatsis1.4.Fora givenMachnumberandconeangle,the
Stantonnumberratioinequation(5)isa constant.Theqmntities
inequation(5)withthewibscriptcy areevaluatedimmediately
downstreamofthecone-cylinderjuncture,whereasthosewiththesub-
scriptc areevaluatedjustupstreamofthejuncture.Allterms
appearinginequation(5),excepttheexponentB,maybeevaluated
fkm the
figure4

,:

pressuredistribution. TheexponentB maybefoundfrom
ofreference20.

(5)

---- . . . - - .. ---- — —--- —— — —— — - .—— ——— —-— --- — — — --



10 N/WATN 3776

Thelengthofrun(seefollowingsketch)requiredtoyield

dimensionalheat-transfer
cientdefinedW equation

coefficientequal
(5)is

Theequivalenttwo-dimensionalheat-transfer

Stc

a two-

tothe&lindricalcoeffi-

coefficientnowbecomes

\
Stcy= — (6)

i .-
Jq/1 3CZ- 1 ‘1-— .

3C2 x

where,forconvenience,thelengthofrunisdefinedintermsof x and
X1 ratherthan~ + y (seeprecedingsketch).Observationoffigure
10shuwsthatequation(6)predictsthesametrendandaboutthesame
maanitudeoftheheat-transfercoefficientsonthecylinderasreference
20‘~-Theuseofequation(6)beyondtheshouldersavesa considerable
amountoft~e asccmparedwithreference20withlittlesacrificein
accuracy.

liffectofAxialPressureDistribution

setofuncorrecteddataobtainedfromtheparabolic-nosedA typical
cyltiderispresentedinfigure10,withtheisothermaltheoryofrefer-
ence20. As expected,thetheorydoesnotpredicttheabsolutevalueof
theheat-transfercoefficientwhentheeffectoftemperaturegradientis ~
neglected.h fact,nearthetiptheexperimentalvaluesareasmuchas
25percenthigherthan thetheoreticalvalues;However,theeffectof
thetemperaturegradientmaybeaccountedforapproximatelybyassuming -

. -— —.- —-.. .-— — - —
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thepressureandtemperatureeffectstobeindependent.Consequently,
itcanbestatedthat

(7)

wheretheratiooftheheat-transfercoefficientsfortheflatplatehas
beendeterminedusingtheparabolic-cylinder-modeltemperaturedistri-
butionconvertedtotheequivalenttwo-dimensionalvaluesbytheMangler
transformation(ref.17).Byaccountingfortheaxialtemperaturedis-
tribution,thetheoryandexperiment(fig.10)nowagreeclosely.

Thelocal heat-transfercoefficientsfortheparabolic-nosedcylin-
dermayalsobecalculatedwithin10percent~ consideringtheMangler
transformationandneglectingtheaxial.pressuredistribution(fig.10).
Asa result,theratiooftheheat-transfercoefficienttotheflat-
platecoefficientbecaues

Thiswasdonepreviouslyforthecone-c@indermodelwithverylittle
lossinaccuracy.Iftheparabolicnosedsectiononlyisofinterest,
equation(5)willalsopredicttheheat-transfercoefficientstowithin
10percent.However,theuseofequation(5)onthecylindricalsection
willgiveheat-transfercoefficients10to21percenthigherthanthose
predictedbytheexacttheory.

suMmRY OFRESULTS

Thefollowingresultswereobtainedfrauaninvestigationofthe
convectiveheat-transferpropertiesoftwobotiesofrevolutionata
lkchnuniberof3.12andforReynoldsnumbersto12X106basedonmodel
length:

1.Experimentallaminar-heat-transfercoefficientsobtainedonthe
coneagreedcloselywiththetheoryofChapman-andRubesinatalltem-
peraturelevelswhenthefluidpropertieswerebasedonEckert’srefer-
encetemperature.Also,experimentallyandtheoreticallytherewasno
significanteffectofsurfacetemperaturelevelontheheat-transfer
coefficient.

. . -. - - - - -=. ——... —— . . ..- — —.— - . -. —... _ _ ___
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Lminar-heat-transfercoefficientsobtatiedfromthecylindrical .:
ofthecone-cylinderagreedcloselywiththetheoryofCohenand

Reshotko,whichconsidersthepressuredistribution.An empirical
methodofpredictingthecylindricd.heat-transfercoefficientswasde- .
rivedneglectingthecylindricalpressuregradient.Themethodsavesa
considerableamountoftimewithlittlesacrificeinaccuracy.

3.Thelaminardataobtainedfrcnutheparabolic-cylindermodel
agreedcloselywiththetheoryofCohenandReshotkowhenthedatawere
correctedfortheaxialtemperaturedistribution.Thelocalheat-
transfercoefficientsforthismodelmayalsobepredictedtowithin10
percentbyneglectingtheaxialpressuredistributionandconsidering
solelytheManglertransformation.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,July5,1956
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APPENDIXA

SYMBOLS

-.

A

a

c

CP

%
h

E

k

M

“ I?u

pt

Pr

P

Q

~
Re

r

St

T

TI

Thefollowingsymbolsareusedinthisreport:

modelsurfacearea,0.46sqft

constant

constant

pressurecoefficient

specificheatatconstantpressure,Btu[(lb)(OR)

localheat-transfercoefficient,Btu/(see)(sqft)(OR)

localheat-transfercoefficientforconstantsurfacetemperature

thermalconductivity

Machnumber

Nusseltnumber

totalpressure

Prandtlnunber

localstaticpressure

totalheat-transferrate

localheat-transferrateperunitarea

Reynoldsnuniber,Reo= Po%#vo

bodyradius

dimensionlessheat-transfercoefficient,Stantonnuniber,

Sto= h
‘O~,a”O .

temperature

totaltemperature,OR

. . .. . .._ ——_____________ —.—. _ ——-——.——.— —— —— —.-—___
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time, sec

veloci~

distancealongmodelsurface

axial distance, in.

emissivityparameter

temperaturerecoveryfactor

tiscosity

dummyvariableinx-direction(eq.(3))

density

Boltzmann1s constant,0.173x10-8Btu/(hr)(sqft)(0.R)4

wallthickness

Subscripts:

a

ad

b

c

Cy

m

P

s

T

v

x

o

1

air

adiabaticwall

modelmaterial

cone

cylinder

flatplate

parabolic

shoulder

tunnelwall.

modelwall

axialdirection

freestreamaheadofshockwave

edgeofboundarylayer

,.

.

——— . . .. . - .— — .-

.



●

N.ACATN3776

Superscripts:

B exponent,

n number
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APPENDIXB

RKDIATIONANDCONDUCTIONEFFIN!TS

NACATN3776

Thedeterminationoflocalheat-transfercoefficientsfromequation
(2)assumes(1)noheatradiatedfromthetunnelwa13.stothemcdel,(2)
noaxialconductionofheat,(3)zero.heattransfertotheairinside
themodel,and(4]zerotemperaturegradientacrosstheskin.A discus-
sionofthevalidityoftheseassumptionsispresentedherein.

Theheattransferredbyradiationfromthemodeltothetunnel
wallswascomputedfromtherelation

(Bl)

Iftheradiatingbdliesareintheformoftwocoaxialcylindersthesur-
facesofwhichradiatediffusely,theqressionfor ~,w becomes

%,W=l 1()—+—-%;l$
(B2)

.

where~ is the tunnelradiatingarea. Sincethe windtunnelwalls
are fabricatedfromstainless steel andthe modelsweremadefrommonel,
thevaluesfortherespectiveemissivitiesaretaken
Thisresultsin ~,w equalto0.0S9.

Theconditicmunderwhichthelargestamountof
existsfora hotmodelatthelowestReynoldsnumber
772°R for Tw anda turbulentrecoverytemperature
tunnelwallresultsina totalheat-transferrateQ

tobe0.4and0.09~

heatisradiated
perfoot.Using
of493°F atthe
equalto0.006

Btupersecond..Comparingthisvaluewiththeaveragerateofheat
transferbyconvection(Q= 0.294Btu/see)showsthattheformerisap-
proximately2.0percentofthelatter.However,forallothertestcon-
ditions,theerrorwaslessthan1.5percentandwasneglected.

Theassumptionofzeroaxial heattransferwasinvestigatedbycon-
sideringthemostsevereatialtemperaturedistributionavailableatany
ofthetemperatureratiosreported.Underthesecond.ittons,theaxial
heat-conductiontermsinequation(1)wereevaluated.A comparisonof
theheat-transferratesduetoconductionandtoconvectionindicated
theformertobelessthan& percentofthelatter.Asa consequence,
theaxialconductionterms
tationsofheattransfer.

inequation(1)wereneglectedinthecompu-
.

-—— -—— -.
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Thethirdsourceoferrorconsideredwastheheattransferredfrom
themodeltotheinsideairbyconduction.Temperature-timehistories
atvariouspointswithinamodelwererecordedduringa testrun.From
thisanaverageheat-transfercoefficientcanbecamputedifthetotal
heatinputovera finitetimeintervalisknown.Theresultsofsucha
calculationindicatethattheheatlosstotheinsideofthemodelis
alwayslessthan1/2percent.

Asmentionedinthereport,theconvectiveheat-transfercoeffi-
cientwasccmputedframequation(2)whichassumesa verythinmodel.
skin.Thismeanszerotemperaturegradientinthedirectionnormalto
theflow.Whilethetestmodelsdidnotmeetthisspecificationrigor-
ously,itcanbeshownthatthediscrepancyintheheat-transfercalcula-
tionisunimportant.Considerthesectionabedofthemmlelwallshown
inthefollowingsketch:

c d

Ashasbeendiscussedpreviously,theheattransferredacrossthe
boundariesacandbdisnegligible.lhowingthisfact,thetemperature
profileacrosstheskinmaybecalculated.Heatwasconsideredtoflaw
intotheareainsucha mannerthattheboundaryabexperiencedanex-
ponentialtemperaturerise.Theactualtemperature-t-historyused
wasthatofa typicalmodelthermocouple.Theanalysisindicatedthat
thetemperaturewasconstantinthey-directiontowithinlpercentof
themeasuredvalue.Consequently,theerrorincurredbytheuseofthe
thin-shellconceptfortheheat-transfercomputationsistritial.

- .—-. .. —_ _ ____ . . ——— .. . .-.. —- ——-
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AmENmx c

EE’FIWTOFCONDENSATIONONHEAllTRANSFER

Sticethephysicalcharacteristicsofthecondensationfilmarenot
known,theabsoluteerrorduetocondensationcannotbeestablished.
Itscinderofmagnitudemay,however,beestimated.

First,theactualmechanismofcondensationwiththesubsequent
evaporationisconsideredinrelationtothemodeltemperature.A ccm-
ponentoftheairstream,uponcondensingata givenaxialstation,will
releaseheat,thuscausingthetemperaturetoincreaseloca.llly.Thecon-
densatewillremainonthebodyandbeheatedasthebodyteqerature
continuestorise.Subsequently,thefil.mwillreachitsboilingpoint,
acquireitsheatofvaporization,andevaporate.Thus,ifthequanti-
tiesofheatconsideredpreviouslyaresignificant,itisanticipated
thatthemodeltemperaturewouldbeinfluenced.Atanyrate,a notice-
ableclifferenceinthetimerateofchangeoftemperatureshouldbeob-
served.A temperaturehtstoryofthefolMwingtypewouldbeexpected
atanygiventhermocouplelocation:

I
Evaporationoccurs
I
1~

Temperature,
T,OR

Condensationoccurs

Time,t,sec

A carefulexaudnationoftheoscillographtmcesdoesnotrevealthis
@pe oftcqeraturedistribution.

Anyappreciableeffect of a condensationfilm shouldalso be ob-
servedin a plot of heat-transfercoefficient againstReynoldsnumber
forvarioustimesortemperatureratios.Theseplotshave.beenmadefor
thecone-cylindermodelatwall-to-free-streamtemperatureratiosrang-
ingfrom1.0 to 4.0 (fig.lo). Thedatapresentedfortemperaturera-
tiosfromapproximately1.0to1.7wereobtainedwithandwithoutconden-
sation;whereas,dataforthehighertemperatureratioswereobtained
withoutcondensation.Sincetheheat-transfercoefficientisdirectly #
dependentonthe~imerateofchangeoftemperature,a ccauparisonof
thesedatashouldshuwdifferentvariationswithtime.However,observa-
tionoffigure10indicatesnosystematicvariationoftheheat-transfer w
coefficientwithtimeforeitherthehotorcoldmodel.

—-— — .—-. — .- -—— -—-----— .-. . . . .. ——— —. . .
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Althoughneitherofthetwoargumentspresentedconcerningthecon-
densationphenomenonaredecisive,theyarephysicaJJyreasonable.Con-
sequently,sincethetwoeffectsdiscussedpreviouslywerenotobserved
intheexpertientaldata,itwasconcludedthatthedeterminationof
localheat-transfercoefficientswasnot
condensationphenomenon.
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TABLEI.- COMPOSITIONOFNIC= ALLOYS

Material composition,
percent

Monel “K”monel

Nickel 65.98 64.35

Copper 29.75 29.58

Iron 1040 1.00

Manganese ●90 .60

Aluminum .40 3.40

Carbon .15 .13

Silicon .10 .03

Sulfur .01 .008

.

.
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(Figs.7 and8)

.

TABLEII.-- TEMPERATURED18~Ul?ION6

(a)Cone-cylindermodel.

Axiel
aiBtance,
x,
ill.

C(iul I
Axialtemperature,~, % I
Totaltemperature,T’,OR

524 I 515 I 631 I 630 I 523
Reynoldsnumbererfoot,Re I

4.5Klo62.25x1061.25X1068KL06

245.9
220.7
205.0
196.1
189.2

164.8
187.3
185.9
182.8
178.9

175.9
166.5
-----
169.2
-..---

2
3
4
5
6

7
8
9
10
10.62

I.l.s
12.5
13.62
14.75
16

338.5
298.3
276.8
263.4
255.2

251.0
252.4
252.5
258.9
254.0

251.5
260.6
279.5
-----
291.5

296.3
263.0
242.0
229.3
21.3.O

215.8
217.1
217.o
214.9
214.4

202.5
189.9
206.0
-----
200.2

329.0
291.0
266.5%
249.5
239.0

231.5
233.5
232.0
228.5
223.5

218.5
215.o
215.o
205.0
---.-

290.5
256.5
234.5
219.5
208.5

203.0
217.0
214.5
213.o
21000

206.0
202.5
196.0
218.0
-----

AxLal
listance,
x,
in.

Hot

hid temperature,TX>OR
Totaltemmrature,T’,%

522 I 532 I 532 532 I 532
I 1
Reynoldsnumber

1
erfoot,Re

6.75X1O 2.2!5X1O68X106 4:5X106 L.25X106

~23.O
746.3
758.3
760.0
752.8

734.0
717.3
713*o
710.0
717.5
728.0

718.8
716.0

2
3
4
5
6

7
8
9
10
10.62
IL5

13.62
14.75

597.8
589.0
591.5
610.3
63.3.0

617.5
620.3
624.0
623.8
638.9
645.8

637.9
641.2

690.9
709.0
664.9
660.4
661.9

663.9
664.8
666.3
667.5
678.5
687.3

678.2
678.9

743.8
764.5
772.0
773.4
773.9

769.9
766.1
766.0
755.7
752.0
751.9

740.2
726.7

-----
626.4
610.0
624.0
-----

628.4
628.0
633.0
633.1
645.0
653.9

643.0
647.0

—- — —.-. —— ——-— ——— .—— ...___
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!J!4BLEII.- Concluded.AXIALTEMPERATUREDIS=UTIONS(Figs.7 and8).

(b)Parabolic-nosed-cylindermodel.

Fucial Axialtemperature,Tx,%
~istance,

x, Stagnationtemperature,T’,%
in. 522 I 522 630 630 I 630 I 520

Reynoldsnuniberperfoot,Re

8X1064●5X1064.5X1062.25x1061.25x1061.25x106

1 392.5 356.9 442.6 294.7 194.8 291.8
1.5 358.7 321.8 398.3 350.8 328.6 261.5
2 340.2 303.6 374.0 328.6 297.3 246.7
3 307.6 273.5 331.1 291.5 266.8 220.8
4 296.5 261.4 311.o 274.4 249.8 212.4

5 282.6 246.5 294.6 259.0 237.4 200.4
6 273.6 237.4 283.9 248.7 226.3 193.2
7 265.5 228.5 271.2 238.6 216.5 186.0
8 261.1 220.6 261.3 233.5 ----- 180.6
9 256.8 214.5 255.5 224.6 206.0 176.3

10 250.8 206.8 243.7 215.7 261.9 172.4
11 252.6 203.0 236.2 21.1.2 201.6 169.2
12.5 261.3 204.2 230.7 206.7 ----- 172.8
16 ----- 208.5 235.3 210.5 --—- -----

------ .. ---- -— . . .. —-.. .—— — .— -— .— . -——— — . .
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- Figure3..- Surface-pressmedistributionfor
twobodiesofrevolutionatzeroangleof
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